Antimicrobial photodynamic therapy (PDT) combines a nontoxic photoactivatable dye, or photosensitizer (PS), with harmless visible light to generate singlet oxygen and free radicals that kill microbial cells. Although the light can be focused on the diseased area, the best selectivity is achieved by choosing a PS that binds and penetrates microbial cells. Cationic phenothiazinium dyes, such as methylene blue and toluidine blue O, have been studied for many years and are the only PSs used clinically for antimicrobial PDT. Multidrug resistance pumps (MDRs) are membrane-localized proteins that pump drugs out of cells and have been identified for a wide range of organisms. We asked whether phenothiazinium salts with structures that are amphipathic cations could potentially be substrates of MDRs. We used MDR-deficient mutants of Staphylococcus aureus (NorA), Escherichia coli (TolC), and Pseudomonas aeruginosa (MexAB) and found 2 to 4 logs more killing than seen with wild-type strains by use of three different phenothiazinium PSs and red light. Mutants that overexpress MDRs were protected from killing compared to the wild type. Effective antimicrobial PSs of different chemical structures showed no difference in light-mediated killing depending on MDR phenotype. Differences in uptake of phenothiazinium PS by the cells depending on level of MDR expression were found. We propose that specific MDR inhibitors could be used in combination with phenothiazinium salts to enhance their photodestructive efficiency.
Photodynamic therapy (PDT) combines a nontoxic photoactivatable dye, or photosensitizer (PS), with harmless visible light of the correct wavelength to excite the dye to its reactive triplet state, which will then generate reactive oxygen species, such as singlet oxygen and superoxide, that are toxic to cells (4) . Although discovered more than 100 years ago by its killing effect on microorganisms (25) , PDT has found most success as a treatment for cancer (9) and age-related macular degeneration (3) .
A relatively novel application of PDT is to employ its ability to kill pathogenic microbes in the treatment of localized infections (12) . Most of the PSs that are under investigation for the treatment of cancer and other tissue diseases are based on the tetrapyrrole nucleus, such as porphyrins, chlorins, bacteriochlorins, and phthalocyanines (4) . However, other dyes that are frequently proposed as antimicrobial PSs have different molecular frameworks. These include halogenated xanthenes, such as Rose Bengal (RB) (33) ; perylenequinones, such as hypericin (17) ; and phenothiazinium salts, such as toluidine blue O (TBO) (1), methylene blue (MB) (11) , and azure dyes (37) . It is known that gram-positive bacterial species are much more sensitive to photodynamic inactivation (PDI) than gramnegative species (22) and that the ideal PS for killing bacteria should possess an overall cationic charge and preferably multiple cationic charges (12) . Phenothiazinium salts possess one intrinsic quaternary nitrogen atom and have been used as PSs to kill tumor cells in vitro (39) as well as to treat tumors in animal models (10) . There is an increasing body of evidence for their phototoxic efficiency against a broad range of microorganisms (29, 38) , such as Escherichia coli, Staphylococcus aureus (29) , streptococci (28) , Listeria monocytogenes (32) , and Vibrio vulnificus (41) . At present, the only PSs used clinically for antimicrobial treatments are phenothiazinium salts. For instance, MB or TBO and red light are used to disinfect blood products and sterilize dental cavities and are proposed to treat periodontitis (36) .
Efflux mechanisms have become broadly recognized as major components of microbial resistance to many classes of antibiotics (30) . Some efflux pumps selectively extrude specific antibiotics, while others, referred to as multidrug resistance pumps (MDRs) expel a variety of structurally diverse compounds with differing modes of action. It has been suggested that amphipathic cations represent the existing natural substrates of MDRs (19) , and these molecules have frequently been used to study bacterial MDR-mediated efflux. A classical example of an amphipathic cation is ethidium bromide, and its uptake by microbial cells can easily be quantified by measuring intracellular fluorescence generated when the dye binds to nucleic acids (2) . The existence of MDRs makes the discovery of antimicrobial compounds that are recognized by them problematic in standard screens that employ cells carrying MDRs. The development of MDR mutants gave an answer to this apparent paradox (13) . Disabling of MDRs in gram-negative species led to a striking increase in antimicrobial activity for numerous plant substances (35) .
In the present study, we asked whether phenothiazinium salts, which are structurally characterized as amphipathic cations, could potentially be substrates of microbial MDRs. We used MDR-deficient and MDR-overexpressing mutants of the human pathogens S. aureus, E. coli, and Pseudomonas aeruginosa, together with a range of PSs, including both phenothiazinium salts and non-phenothiazinium-based PSs.
MATERIALS AND METHODS
Microbial strains and culture conditions. Bacterial strains used in this study are listed in Table 1 . Cells were cultured in brain heart infusion broth with aeration at 37°C. Cells were used for experiments in mid-log growth phase (10 8 per ml).
Photosensitizers and light sources. Toluidine blue O, methylene blue, and 1,9-dimethylmethylene blue (DMMB), all as chloride salts (Sigma-Aldrich, St. Louis, MO), were used as phenothiazinium-based PSs. We used a poly-L-lysinechlorin e6 conjugate (pL-c e6 ), which had an average of 110 lysine residues with four chlorin e6 molecules attached (8) , and Rose Bengal (Sigma-Aldrich) as non-phenothiazinium-based PSs. The chemical structures of all of the PSs are shown in Fig. 1 . Stock solutions were prepared in water at a concentration of 2 mM and stored for a maximum of 2 weeks at 4°C in the dark before use. Spectra of stock solutions diluted 140-to 280-fold in methanol were recorded on a UV visible-spectroscopy system (Waldbronn, Germany). A noncoherent light source with interchangeable fiber bundles (LC122; LumaCare, London, United Kingdom) was employed. Thirty-nanometer band-pass filters at ranges of 540 Ϯ 15 nm for RB, 635 Ϯ 15 nm for TBO and DMMB, and 660 Ϯ 15 nm for MB and pL-c e6 were used. The total power output provided out of the fiber bundle ranged from 300 to 700 mW. The spot was arranged to give an irradiance of 100 mW/cm 2 . PDI studies. Bacterial suspensions in phosphate-buffered saline (PBS) (initial concentration, 10 8 cells ml Ϫ1 ) were incubated with PSs in the dark at room temperature for 30 min at concentrations from 1 M to 300 M. The cell suspensions were centrifuged at 12,000 rpm and then washed twice with sterile PBS. The bacterial suspensions were placed in wells of 96-well microtiter plates (Fisher Scientific) and illuminated with appropriate light at room temperature. Fluences ranged from 0 to 20 J cm Ϫ2 at a fluence rate of 100 mW cm Ϫ2 . During illumination, aliquots of 10 l were taken to determine the CFU. The contents of the wells were mixed before sampling. The aliquots were serially diluted 10-fold in PBS to give dilutions of 10 Ϫ1 to 10 Ϫ6 times the original concentrations and were streaked horizontally on square brain heart infusion agar plates as described by Jett et al. (14) . This allowed a maximum of 7 logs of killing to be measured. Plates were incubated at 37°C overnight. Two types of control conditions were used: illumination in the absence of PS and incubation with PS in the dark.
Uptake studies. Bacterial suspensions (10 8 cells/ml) were incubated in PBS in the dark at room temperature for 30 min with PS in the same concentrations as were used for the PDI experiments. Incubations were carried out in triplicate. The cell suspensions were centrifuged (9,000 ϫ g for 1 min), the PS solution was aspirated, and bacteria were washed twice in 1 ml of sterile PBS and centrifuged as described above. Finally, the cell pellet was dissolved by digestion in 3 ml of 0.1 M NaOH-1% sodium dodecyl sulfate (SDS) for at least 24 h to give the cell extract as a homogenous solution. Fluorescence in the extracts was measured with a spectrofluorometer (model FluoroMax3; SPEX Industries, Edison, N.J.). For TBO and DMMB, the excitation wavelength was 620 nm and the range for emission was 627 to 720 nm. For MB, the excitation wavelength was 650 nm and the range for emission was 655 to 720 nm. For pL-c e6 , the excitation wavelength was 400 nm and the emission spectra of the solution were recorded from 580 to 700 nm. For RB, the excitation wavelength was 552 nm and the emission was recorded in the range from 555 to 620 nm. The fluorescence was calculated from the heights of the peaks recorded. If necessary, the solution was diluted with 0.1 M NaOH-1% SDS to reach a concentration of the PS where the fluorescence response was linear. Calibration curves were made from pure PS dissolved in NaOH-SDS and used for determination of PS concentration in the suspension. Uptake values were obtained by dividing the number of nanomoles of PS in the dissolved pellet by the number of CFU obtained by serial dilutions, and the number of PS molecules/cell was calculated by using Avogadro's number.
Statistics. Values are means of three separate experiments, and bars are standard errors of the means (SEM). Differences between means were tested for significance by an unpaired two-tailed Student t test assuming equal or unequal variations as appropriate. The significance level was set at a P value of Ͻ0.05.
RESULTS
NorA expression protects against MB phototoxicity in S. aureus. The three isogenic strains of S. aureus were incubated with 10 M MB for 30 min and then washed free of unbound dye by centrifugation and resuspension in PBS and illuminated with 660-nm light. Figure 2 shows the resulting light-dosedependent phototoxicity. The wild-type strain showed 3 logs of killing after 1 J/cm 2 , 5 logs after 2 J/cm 2 , and 7 logs after 4 J/cm 2 . The NorA knockout strain showed complete killing after 1 J/cm 2 , while the NorA-overexpressing strain was significantly protected compared to the wild type (1 log less killing at 1 J/cm 2 , 2 logs less killing at 2 J/cm 2 , and 3 logs less killing at 4 J/cm 2 ). E. coli TolC knockout mutant is more susceptible to MB PDI. It was necessary to use higher overall PDI doses to kill gram-negative E. coli than to kill gram-positive S. aureus. We selected a concentration of MB of 50 M with the same 30-min incubation and wash by centrifugation, together with light doses up to 20 J/cm 2 . Under these conditions, as shown in Fig. 3 , the TolC knockout mutant showed 2 logs more killing than the wild type at 5 J/cm 2 and three logs more at 10 J/cm 2 , with the knockout mutant being totally eliminated at higher light doses. When the MB concentration was raised to 250 M, 
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both the wild-type and TolC knockout strains were totally eliminated after 20 J/cm 2 (data not shown). P. aeruginosa MexAB expression determines phototoxicity of MB PDI. It was necessary to use concentrations of MB that were even higher than those used for E. coli in order to effect light-dependent killing of P. aeruginosa. The three isogenic strains were therefore incubated with 300 M under the same conditions used previously. Figure 4 shows that the wild-type strain showed 5 logs of killing after 20 J/cm 2 . The MexAB knockout strain showed 2 logs more killing at 5 and 10 J/cm 2 and was completely eliminated at 15 J/cm 2 . The MexAB-overexpressing strain was protected at all light doses by about 1 log.
Multiple phenothiazinium PSs are substrates of S. aureus NorA MDR. To establish the recognition of phenothiazinium dyes as a class by NorA, we repeated the experiments described for Fig. 2 with the phenothiazinium compounds TBO and DMMB. The results shown in Fig. 5a and b show a susceptibility pattern similar to that found for MB. The NorA knockout strain is eliminated by 1 J/cm 2 in the case of TBO and by 0.5 J/cm 2 in the case of DMMB. By contrast, the wild-type strain is comparatively resistant, demonstrating 2 to 4 logs less killing. The NorA-overexpressing strain shows even less killing than the wild type (roughly 2 logs), and these differences are significant. The overall order of efficiency of killing was DMMB Ͼ TBO Ͼ MB.
Activity of nonphenothiazinium PS is unaffected by MDR phenotype. In order to show that the differences in killing we observed with the various MDR phenotypes were dependent on MDR recognition of phenothiazinium dyes rather than some alternative alteration in microbial physiology that could potentially alter susceptibility to PDI, we studied two antimicrobial PSs with non-phenothiazinium-based molecular structures. RB is a xanthene dye that has four aromatic rings, but these are positioned differently than phenothiazinium dyes, and in addition RB possesses an overall negative charge. pLc e6 is a macromolecular conjugate between the tetrapyrrole PS chlorin e6 and a poly-L-lysine chain with an overall polycationic charge that is thought to be taken up by bacteria by disturbing their membrane structure. As seen in Fig. 6a and b, there were no differences in killing between the three S. aureus NorA ) , wild-type, and NorA-overexpressing (NorA ϩ ) strains. Incubation with the PS was for 30 min followed by a wash. Bacteria were then illuminated with 100 mW cm Ϫ2 635-nm light for both TBO and DMMB.
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phenotypes with either PS. pL-c e6 was significantly more effective than RB since only 1/10 the concentration produced more killing with the same light fluence. We also carried out pL-c e6 -and RB-mediated PDI with both E. coli wild-type and TolC knockout strains and with the MexAB-overexpressing, wildtype, and MexAB knockout strains of P. aeruginosa. There were no significant differences between the extents of killing with either PS that were dependent on MDR phenotype. This shows that PSs in general are not recognized by gram-negative MDRs that generally have broader substrate specificity and also are helped dramatically by the outer membrane structure. MDR phenotype affects bacterial uptake of phenothiazinium PS but not of other structures. To confirm our hypothesis that the MDRs reduce intracellular concentrations of phenothiazinium PS by an active efflux mechanism, we measured uptake of the dye by the cells by extraction and fluorescence quantification. The cells were incubated with same concentrations of the dye that were used for the killing experiments. Figure 7a shows that the uptake of the two phenothiazinium dyes tested (MB and TBO, both at 10 M) by the three S. aureus strains were significantly different according to NorA phenotype. The NorA knockout strain took up (1.34 Ϯ 0.32) ϫ 10 9 and (1.22 Ϯ 0.22) ϫ 10 9 molecules/cell of TBO and MB, respectively, compared to (0.16 Ϯ 0.02) ϫ 10 9 and (0.06 Ϯ 0.01) ϫ 10 9 for the wild type and (0.114 Ϯ 0.016) ϫ 10 9 and (0.021 Ϯ 0.003) ϫ 10 9 for the NorAoverexpressing strain. All of these differences were significant. By contrast, the uptakes of the nonphenothiazinium dyes RB (10 M) and pL-c e6 (1 M) showed no significant differences between NorA phenotypes. Figure 7b depicts the uptakes of two phenothiazinium PSs (MB and TBO) by the E. coli wild-type and TolC null cells (concentration used was 50 M) and by the three MexAB phenotypes of P. aeruginosa (concentration used was 300 M). It is interesting to observe that the uptakes of the phenothiazinium dyes by all of the MDR knockout mutants of different bacterial species are fairly similar (1.2 ϫ 10 9 to 3.2 ϫ 10 9 molecules per cell). In all cases, TBO uptake was higher than MB uptake. This similarity in uptakes between different bacteria is remarkable because of the widely different PS concentrations used (10 to 300 M). These values indicate that there is a necessary amount of PS per cell to mediate efficient PDI and show that levels of bacterial uptake of phenothiazinium dyes vary between bacterial classes and species. This variation may be due to intrinsic permeability differences or to the fact that some species (such as P. aeruginosa) may have many separate but related MDRs, and knocking out MexAB may still leave other functional MDRs to pump out phenothiazinium dyes.
DISCUSSION
This study has demonstrated for the first time that phenothiazinium-based PSs are substrates of MDRs in bacteria. The fact that this effect was observed with three separate but related molecular structures (MB, TBO, and DMMB), which have all been frequently used in the literature as antimicrobial PSs, suggests that it is a general phenomenon applicable to all photoactive phenothiazinium dyes. By contrast, the complete absence of any differences in susceptibility by use of the nonphenothiazinium-based antimicrobial PSs (RB and pL-c e6 ) provides evidence that the MDR phenotype of the bacterial cells does not affect other physiological parameters that could influence susceptibility to PDI. These parameters could have included such variables as membrane structure, DNA and other cellular repair systems, and levels of antioxidant enzymes. RB and light probably kill bacteria by generating extracellular singlet oxygen that destroys the membrane from the outside in (7, 8, 33) , while polycationic polymeric pL-c e6 is probably taken up into bacterial cells by a self-promoted uptake pathway, as described for other polycationic peptides (24) . The finding that uptake levels of both MB and TBO by the FIG. 6 . Phototoxicity of (a) RB at 10 M and (b) pL-c e6 at 1 M, both with a wash with S. aureus NorA knockout (NorA Ϫ ), wild-type, and NorA-overexpressing (NorA ϩ ) strains, followed by illumination with 100 mW cm Ϫ2 540-nm light for RB and 660-nm light for pL-c e6 .
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NorA knockout mutant, wild-type, and overexpressing strains of S. aureus were proportional to levels of NorA expression suggests that the role of the MDRs is to pump out the PS from the cells and thereby lessen the phototoxicity observed upon illumination. The similarity of the levels of uptake of the nonphenothiazinium PSs between the various NorA phenotypes suggests that these compounds are not recognized by MDRs.
Alternatively, a less likely explanation is that the nonphenothiazinium PSs were not taken up into the cells but merely bound to the outside layers of the cell coat. This is unlikely because pL-c e6 was the most potent PS active at a 1-M concentration, and this high activity is best explained by the polycationic structure mediating intracellular uptake. The correlation of phenothiazinium dye (MB and TBO) uptake with TolC levels in E. coli and with MexAB levels in P. aeruginosa further confirms the role of MDRs to pump out these PSs. We found that the MDR recognition of phenothiazinium PSs applied equally to two different molecular efflux systems present in three different bacterial species. The NorA MDR of S. aureus is a member of the MF family and protects the cells from norfloxacin and a number of amphipathic cations, such as the common disinfectants benzalkonium chloride and cetrimide (13) . RND pumps are frequently found in gram-negative bacteria. The TolC protein of E. coli, through its interaction with AcrA and AcrB, is thought to form a tripartite continuous protein channel that expels substrates from the cell. AcrABTolC assembles into an alpha-helical transperiplasmic tunnel, which is embedded in the outer membrane by a contiguous beta-barrel channel (16) . AcrAB-TolC and its homologues thus provide large exit ducts for a wide range of substrates, including organic solvents, fluorescent lipids, bile acids, erythromycin, and cloxacillin (40, 42) , recognized by the AcrAB proteins. P. aeruginosa carries genes for at least 11 distinct (but related) RND family pumps (30) . Mex-Opr substrates include biocides, dyes, detergents, metabolic inhibitors, organic solvents, and molecules involved in bacterial cell-cell communication. The total number of MexAB-OprM units per wild-type cell was calculated to be about 400 assemblies, and the turnover rate of a single pump unit was predicted to be about 500 molecules per second (27) .
There have been some reports of compounds with structures somewhat similar to those of phenothiazinium dyes being substrates or inhibitors of bacterial MDRs. The cationic xanthene dye pyronin Y was reported to be a substrate of RND pumps in P. aeruginosa (23) and also of NorA in S. aureus (15) . Similarly, the cationic acridinium antimicrobial acriflavine was reported to be a substrate of NorA (15) . Noncationic phenothiazine compounds such as chlorpromazine derivatives have been reported to be inhibitors of MDRs in E. coli (26) , and prochlorpromazine inhibited NorA in S. aureus (15) .
It has been said that the present times represent the "end of the antibiotic era" (31), due to increasing development of bacterial resistance to multiple classes of antibiotics. PDT uses otherwise harmless dyes and light, and it has been proposed that microbes would be unlikely to develop resistance to the destructive effects of photochemically generated reactive oxygen species that can cause irreversible oxidative damage to essential cellular constituents such as proteins, lipids, and nucleic acids. There is one report of the failure to produce resistance by repeated cycles of PDI using a nonphenothiazinium polycationic-PS conjugate (18) . Our data however raise the possibility of bacteria developing resistance to phenothiazinium-based PDI due to selective survival of strains with increased MDR expression levels.
We generally found bigger differences in susceptibility between MDR knockout and wild-type strains than between wild-type and overexpressing strains. This suggests that the wild-type species we tested had high levels of functioning MDRs and provides a possible reason why the concentrations of phenothiazinium PS necessary to efficiently kill both grampositive and gram-negative bacteria upon illumination is significantly higher (10 to 300 M [37, 41] ) than the concentrations of alternative cationic PS that have been used; for instance, Maisch et al. (21) reported a cationic porphyrin derivative in combination with blue light that mediated killing S. aureus at a concentration of only 5 nM.
Phenothiazinium dyes have been long established as nontoxic and clinically useful compounds both for staining living tissues (6) (for instance, in the detection of dyplasias [20] ) and for some pharmacological indications (5, 34) . This consideration together with their ready availability has probably been important in their selection as antimicrobial PSs for the few clinical indications in which antimicrobial PDT is carried out. The present discovery that these compounds are substrates for bacterial MDRs raises the possibility of combining the phenothiazinium dye with an MDR inhibitor. For instance, the dye solution applied to sterilize a dental cavity when illuminated could contain an MDR inhibitor applicable to the MDRs expressed by the oral pathogens causing dental caries.
Our future work will ask whether phenothiazinium dyes are also substrates of MDRs expressed by fungi (e.g., Candida albicans) and to what degree selected MDR inhibitors can potentiate antimicrobial PDI of pathogenic microorganisms.
